Significance StatementHuman stem cells provide a promising cell source for the replacement of diseased retinal pigment epithelium (RPE) in the eye, and several clinical trials with cell transplantations are ongoing. The success of these therapies is largely dependent on the correct functionality of the transplanted cells. Still, cellular ion channels, vital for the proper RPE physiology, are inadequately characterized in stem cell‐derived RPE. The results of this study demonstrate the presence and functionality of voltage‐gated Ca^2+^ channels in mature human embryonic stem cell‐derived RPE similar to native RPE, and provide insight into their physiological relevance. This work is a significant contribution toward a more detailed functionality confirmation of stem cell‐derived RPE.

Introduction {#sct312414-sec-0001}
============

Retinal pigment epithelium (RPE) is a monolayer of polarized cells located in the back of the eye between the photoreceptors and the choroid, and forms a part of the blood‐retinal‐barrier [1](#sct312414-bib-0001){ref-type="ref"}. As a barrier, RPE regulates the transport of nutrients and ions between the bloodstream and the subretinal space. In addition, RPE performs essential functions for vision such as phagocytosis, secretion, visual cycle, and light absorption (reviewed in [2](#sct312414-bib-0002){ref-type="ref"}). RPE also plays a critical role in the pathogenesis of several degenerative eye diseases such as age‐related macular degeneration (AMD) [3](#sct312414-bib-0003){ref-type="ref"} that is the leading cause of vision loss and blindness among the elderly worldwide [4](#sct312414-bib-0004){ref-type="ref"}. Stem cells provide potential for the development of transplantation therapies producing a limitless source of RPE cells for the treatment of AMD and other RPE‐originated retinal dystrophies [5](#sct312414-bib-0005){ref-type="ref"}. Remarkably, such therapies are already being subjected to clinical trials for AMD and Stargardt\'s macular dystrophy [6](#sct312414-bib-0006){ref-type="ref"}, [7](#sct312414-bib-0007){ref-type="ref"}, [8](#sct312414-bib-0008){ref-type="ref"}, [9](#sct312414-bib-0009){ref-type="ref"}, [10](#sct312414-bib-0010){ref-type="ref"}, [11](#sct312414-bib-0011){ref-type="ref"}, [12](#sct312414-bib-0012){ref-type="ref"}, [13](#sct312414-bib-0013){ref-type="ref"}, [14](#sct312414-bib-0014){ref-type="ref"}, [15](#sct312414-bib-0015){ref-type="ref"}, [16](#sct312414-bib-0016){ref-type="ref"}, [17](#sct312414-bib-0017){ref-type="ref"}, [18](#sct312414-bib-0018){ref-type="ref"}, [19](#sct312414-bib-0019){ref-type="ref"}, [20](#sct312414-bib-0020){ref-type="ref"}, [21](#sct312414-bib-0021){ref-type="ref"} as well as to several preclinical trials [5](#sct312414-bib-0005){ref-type="ref"}, [22](#sct312414-bib-0022){ref-type="ref"}, [23](#sct312414-bib-0023){ref-type="ref"}, [24](#sct312414-bib-0024){ref-type="ref"}, [25](#sct312414-bib-0025){ref-type="ref"}, [26](#sct312414-bib-0026){ref-type="ref"}, [27](#sct312414-bib-0027){ref-type="ref"}, [28](#sct312414-bib-0028){ref-type="ref"}. Stem cell‐derived RPE has been demonstrated to resemble native tissue in many respects: it has been shown to have a proteome closely similar to the native counterpart [29](#sct312414-bib-0029){ref-type="ref"}, phagocytose photoreceptor outer segment (POS) fragments [27](#sct312414-bib-0027){ref-type="ref"}, [28](#sct312414-bib-0028){ref-type="ref"}, [30](#sct312414-bib-0030){ref-type="ref"}, [31](#sct312414-bib-0031){ref-type="ref"}, [32](#sct312414-bib-0032){ref-type="ref"}, secrete vascular endothelial growth factor (VEGF) [32](#sct312414-bib-0032){ref-type="ref"}, [33](#sct312414-bib-0033){ref-type="ref"}, [34](#sct312414-bib-0034){ref-type="ref"}, and participate in the functional visual cycle [35](#sct312414-bib-0035){ref-type="ref"}, [36](#sct312414-bib-0036){ref-type="ref"}. However, much is still not understood about the genetic characteristics of stem cell‐derived RPE [37](#sct312414-bib-0037){ref-type="ref"} or its behavior after transplantation [38](#sct312414-bib-0038){ref-type="ref"}. Furthermore, there is only limited information about the functionality of ion channels [33](#sct312414-bib-0033){ref-type="ref"} and Ca^2+^ signaling [31](#sct312414-bib-0031){ref-type="ref"}, [39](#sct312414-bib-0039){ref-type="ref"}, [40](#sct312414-bib-0040){ref-type="ref"} in stem cell‐derived RPE. In particular, studies about the voltage‐gated Ca^2+^ (Ca~V~) channels in these cells are lacking.

The correct operation of Ca~V~ channels is required in order for the stem cell‐derived RPE to perform its critical functions in therapeutic use, since many of the important RPE functions are related to changes in intracellular Ca^2+^ concentration [2](#sct312414-bib-0002){ref-type="ref"}. L‐type Ca^2+^ channels have been identified in cultured and native RPE [41](#sct312414-bib-0041){ref-type="ref"}, [42](#sct312414-bib-0042){ref-type="ref"}, [43](#sct312414-bib-0043){ref-type="ref"}, [44](#sct312414-bib-0044){ref-type="ref"}, [45](#sct312414-bib-0045){ref-type="ref"}, [46](#sct312414-bib-0046){ref-type="ref"}, [47](#sct312414-bib-0047){ref-type="ref"}, [48](#sct312414-bib-0048){ref-type="ref"}, [49](#sct312414-bib-0049){ref-type="ref"}, [50](#sct312414-bib-0050){ref-type="ref"}, [51](#sct312414-bib-0051){ref-type="ref"}, [52](#sct312414-bib-0052){ref-type="ref"}, [53](#sct312414-bib-0053){ref-type="ref"}, [54](#sct312414-bib-0054){ref-type="ref"}, [55](#sct312414-bib-0055){ref-type="ref"}, where they participate in the transport of ions and water [42](#sct312414-bib-0042){ref-type="ref"} as well as the regulation of POS phagocytosis [41](#sct312414-bib-0041){ref-type="ref"}, VEGF secretion [43](#sct312414-bib-0043){ref-type="ref"}, and RPE differentiation [2](#sct312414-bib-0002){ref-type="ref"}. On the other hand, the malfunctioning of L‐type Ca^2+^ channels in RPE has been linked to the pathogenesis of certain degenerative eye diseases [45](#sct312414-bib-0045){ref-type="ref"}, [56](#sct312414-bib-0056){ref-type="ref"}. Of the L‐type Ca^2+^ channels, RPE has been shown to express the subtypes Ca~V~1.1--1.3 [46](#sct312414-bib-0046){ref-type="ref"} with several studies suggesting that subtype Ca~V~1.3 is the primary contributor to RPE physiology [41](#sct312414-bib-0041){ref-type="ref"}, [43](#sct312414-bib-0043){ref-type="ref"}, [46](#sct312414-bib-0046){ref-type="ref"}, [50](#sct312414-bib-0050){ref-type="ref"}, [51](#sct312414-bib-0051){ref-type="ref"}, [52](#sct312414-bib-0052){ref-type="ref"}, [53](#sct312414-bib-0053){ref-type="ref"}, [54](#sct312414-bib-0054){ref-type="ref"}, [55](#sct312414-bib-0055){ref-type="ref"}. Of the T‐type Ca^2+^ channels, RPE has been reported to express the subtypes Ca~V~3.1 and Ca~V~3.3, and it has been speculated that these channels participate in the regulation of VEGF secretion [46](#sct312414-bib-0046){ref-type="ref"}. To date, α subtypes of the third subfamily Ca~V~2.x have not been detected in RPE [46](#sct312414-bib-0046){ref-type="ref"}. It is, however, unclear whether this impressive machinery of Ca^2+^ channels is present in stem cell‐derived RPE, and raises a question about the resemblance of human embryonic stem cell (hESC)‐derived RPE to native RPE.

To address this issue, we investigated the functionality and localization profile of Ca~V~ channels in hESC‐RPE. Here, we present our patch‐clamp recordings that reveal slowly inactivating L‐type currents in hESC‐RPE that are similar to native RPE. In some hESC‐RPE cells, fast transient currents that resemble T‐type currents were also recorded. When compared with mouse tissue, there were similarities, as well as certain differences, in the localization of Ca~V~ channels in hESC‐RPE. With regard to physiology, we show that L‐type Ca^2+^ channels participate in POS phagocytosis and the regulation of VEGF secretion in hESC‐RPE. Overall, our results suggest that a functional machinery of voltage‐gated Ca^2+^ channels is present in hESC‐RPE, and thus strengthen the potential of stem cell‐derived RPE in transplantation therapies.

Materials and Methods {#sct312414-sec-0002}
=====================

Culture of hESC‐RPE {#sct312414-sec-0003}
-------------------

In this study, we used the previously derived hESC lines Regea08/023, Regea08/017, and Regea11/013 [57](#sct312414-bib-0057){ref-type="ref"}. The undifferentiated hESCs were maintained, cultured, and spontaneously differentiated as described before [58](#sct312414-bib-0058){ref-type="ref"}. After approximately 72--124 days of differentiation in the suspension culture, the pigmented areas of the floating aggregates were manually separated. The pigmented cell clusters were dissociated with TrypLE Select (Invitrogen, UK) and seeded onto Collagen IV (5 μg/cm^2^, Sigma‐Aldrich, St. Louis, MO) coated 24‐well cell culture plates (Corning CellBIND; Corning, Inc., Corning, NY) with a density of 5.5 × 10^5^ cells/cm^2^. The cells were cultured for approximately 22--73 days, and cells from several independent differentiation batches were used for the study.

The cells were passaged with a density of 2.5 × 10^5^ cells/cm^2^ onto polyethylene terephthalate coated hanging culture inserts (pore size 1 μm, Merck Millipore) treated with Collagen IV (10 μg/cm^2^, Sigma‐Aldrich) or with Collagen IV and laminin (1.8 μg/cm^2^, LN521, Biolamina, Sweden). The cultures became confluent in 5 days on inserts, after which they were further cultured until mature monolayers were obtained (days post‐confluence presented in each figure legend). For single cell patch‐clamp experiments, the cells were detached from the inserts with TrypLE Select and let to adhere on cover slips treated with poly‐[l]{.smallcaps}‐lysine (Sigma‐Aldrich).

Isolation of Mouse RPE {#sct312414-sec-0004}
----------------------

We used C57BL/6 mice at the age of 8--12 weeks where the development and maturation of RPE had been completed [59](#sct312414-bib-0059){ref-type="ref"}. The mice were euthanized by CO~2~ inhalation and cervical dislocation. The eyes were then enucleated and bisected along the equator. The eyecups were sectioned in Ames\' solution (Sigma‐Aldrich) with 10 mM HEPES and pH adjusted to 7.4, and the retina was gently removed leaving the RPE firmly attached to the eyecup. To isolate the RPE cells for patch‐clamp recordings, the eyecup was incubated at 37°C in 5% CO~2~ either in TrypLE Select for 15 minutes or in a solution containing (in mM) 135 TeaCl, 5 KCl, 10 HEPES, 3 EDTA‐KOH, 10 glucose, and 25 U/ml activated papain (Sigma‐Aldrich) for 30 minutes. After this, the eyecups were washed in the HEPES buffered Ames\' solution supplemented with 1% bovine serum albumin (BSA; Sigma‐Aldrich). The RPE was collected by gentle trituration, stored at 37°C in 5% CO~2~ in the RPE culture medium and measured within 6 hours.

Ethical Issues {#sct312414-sec-0005}
--------------

Approval for research with human embryos was given by the National Authority for Medicolegal Affairs, Finland (Dnro 1426/32/300/05). A supportive statement was received from the Local Ethics Committee of the Pirkanmaa Hospital District, Finland to derive and expand hESC lines from surplus embryos, and to use these cell lines for research purposes (R05116). No new cell lines were derived in this study. The procedures carried out with C57BL/6 mice were in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the Finnish Animal Welfare Act 1986.

Patch‐Clamp Recordings {#sct312414-sec-0006}
----------------------

Patch‐clamp recordings were performed at room temperature (RT) on single hESC‐RPE and mouse RPE cells. Ionic currents were recorded using the standard patch‐clamp technique in whole‐cell configuration. To minimize potassium currents, patch pipettes (resistance 4--8 MΩ) were filled with a cesium based internal solution containing (in mM) 83 CsCH~3~SO~3~, 25 CsCl, 5.5 EGTA, 0.5 CaCl~2~, 4 ATP‐Mg, 0.1 GTP‐Na, 10 HEPES, and 5 NaCl; pH was adjusted to \~7.2 with CsOH and osmolarity was adjusted to \~290 mOsm with sucrose. The internal solution contained 2 mM lidocaine *N*‐ethyl chloride (Sigma‐Aldrich) to exclude the possibility of the measured fast transient currents being carried by sodium [60](#sct312414-bib-0060){ref-type="ref"}. The tissue was perfused with a control external solution containing (in mM): 120 NaCl, 5 TeaCl, 1.1 CaCl~2~, 1.2 MgCl~2~, 10 HEPES, 5 glucose, and 10 BaCl~2~. pH was adjusted to 7.4 with NaOH and the osmolarity was set to \~305 mOsm with sucrose. In some experiments, the BaCl~2~ concentration was decreased to 1 mM, and this was compensated by increasing the NaCl concentration to 130 mM. In the experiments that used Ca^2+^ channel modulators, the control bath solution contained L‐type Ca^2+^ channel activator 10 μM (‐)BayK8644 (Sigma‐Aldrich) or L‐type Ca^2+^ channel inhibitor 10 μM nifedipine (Sigma‐Aldrich). The recordings were made in voltage‐clamp mode using the Axopatch200B patch‐clamp amplifier connected to an acquisition computer via AD/DA Digidata1440 (Molecular Devices, CA). Potentials were corrected for a 10 mV liquid junction potential during data analysis. Access resistance was \<25 MΩ and membrane resistance was \>300 MΩ. The membrane capacitance was 33 ± 5 pF (mean ± SEM, *n* = 9) for hESC‐RPE cells and 23 ± 3 pF (mean ± SEM, *n* = 3) for mouse RPE cells. The depletion of the currents in hESC‐RPE cells in whole‐cell configuration was −11 ± 3% during 19 ± 5 minutes (mean ± SEM, *n* = 3) measured using a 50 ms voltage step from −100 to 10 mV. The measurements lasted for a shorter time than that of depletion. Current--voltage (IV)‐curves were obtained from the peak value of the current at given voltages. Conductance (*G*) was calculated as *G* = *I*/(*V*--*V* ~R~), where *V* ~R~ is the reversal potential.

Indirect Immunofluorescence Staining {#sct312414-sec-0007}
------------------------------------

For immunofluorescence staining, hESC‐RPE monolayers and mouse RPE eyecups were fixed for 15 minutes with 4% paraformaldehyde. The hESC‐RPE monolayers and mouse RPE eyecup whole mount preparations were permeabilized by 15 minutes incubation in 0.1% Triton X‐100 (Sigma‐Aldrich) at RT. This was followed by incubation with 3% BSA in phosphate‐buffered saline (PBS) (Sigma‐Aldrich) at RT for 1 hour. Primary antibodies for Ca~V~1.1, Ca~V~1.2, Ca~V~1.3, Ca~V~3.1, Ca~V~3.2, Ca~V~3.3 (1:100; Alomone Labs, Jerusalem, Israel), cellular retinaldehyde‐binding protein (CRALBP; 1:500; Abcam, UK), zonula occludens (ZO‐1; 1:50; Life Technologies), claudin‐3 (1:80; Thermo Fisher Scientific), ezrin (1:100; Abcam, UK), acetylated α‐tubulin (1:1,000; Sigma‐Aldrich), and pericentrin (PCNT; 1:200; Abcam, UK) were diluted in 3% BSA‐PBS and incubated for 1 hour at RT. The samples were then washed four times with PBS, followed by 1 hour incubation at RT with the secondary antibodies donkey anti‐rabbit or anti‐mouse Alexa Fluor 488 and donkey anti‐rabbit or anti‐mouse Alexa Fluor 568 (1:200; Life Technologies) as well as goat anti‐rabbit or anti‐mouse Alexa Fluor 488 and goat anti‐mouse Alexa Fluor 568 (1:200; Thermo Fisher Scientific) diluted in 3% BSA‐PBS. Phalloidin was visualized using Phalloidin‐Atto 633 (1:100; Sigma‐Aldrich), an Alexa Fluor 568 conjugate (1:400; Sigma‐Aldrich) or an Alexa Fluor 647 conjugate (1:50; Life Technologies). The washes with PBS were repeated and the nuclei were stained with the 4′,6‐diamidino‐2‐phenylidole included in the mounting medium (Life Technologies).

For paraffin embedded vertical sections, the hESC‐RPE monolayers and mouse eyecups with retina attached were infused in paraffin blocks and cut into 7 μm vertical sections with a Leica SM2000 R or Leica SM2010 R sliding microtome (Leica Biosystems). The sections were then attached on glass coverslides by 1 hour incubation at 60°C. The samples were deparaffinized and hydrolyzed using xylene and ethanol series. Antigen retrieval was carried out by microwaving the samples in 10 mM sodium citrate in 0.05% Tween20 (Sigma Aldrich). The samples were blocked using 10% donkey serum and 5% BSA in tris‐buffered saline (TBS) for 1 hour at 37°C. After this, they were washed twice in 0.02% Tween20‐TBS. The Ca~V~ primary antibodies listed above, as well as Na^+^/K^+^‐ATPase (1:200; Abcam) and Bestrophin‐1 (1:500; Lagen laboratories) were diluted in 1% BSA‐TBS and incubated overnight at 4°C. The samples were then washed twice with 0.02% Tween20‐TBS. The secondary antibodies introduced above were diluted with 1% BSA‐TBS and incubated for 1 hour at RT, followed by two washes and mounting as described above.

Confocal Microscopy and Image Processing {#sct312414-sec-0008}
----------------------------------------

Confocal microscopy was performed with a Zeiss LSM780 or LSM700 laser scanning confocal microscope (LSCM) on an inverted Zeiss Cell Observer microscope (Zeiss, Jena, Germany) and Plan‐Apochromat ×63/1.4 oil immersion objective. Voxel size was set to *x* = *y* = 66 nm and *z* = 100--200 nm and image size to 512 × 512 or 1,024 × 1,024 pixels. Reflection imaging was conducted by collecting light from the 488 nm laser line by using 20/80 dichroic beam splitter and 480--492 nm emission window at the photomultiplier tube detector. The images were saved in czi‐format and processed with ImageJ [61](#sct312414-bib-0061){ref-type="ref"}, adjusting only brightness and contrast, and panels were assembled using Adobe Photoshop CS6 (Adobe Systems, San Jose).

Pulse‐Chase Phagocytosis Assay {#sct312414-sec-0009}
------------------------------

Mature hESC‐RPE monolayers on culture inserts were pre‐incubated for 24 hours at 37°C in the control medium or in the presence of the L‐type Ca~V~ modulators 10 μM (‐)BayK8644, or 10 μM nifedipine, or T‐type Ca~V~ inhibitor 5 μM ML218 (Sigma‐Aldrich). For phagocytosis assay, POS fragments were isolated and purified from fresh porcine eyes obtained from a local slaughterhouse as described before [58](#sct312414-bib-0058){ref-type="ref"}, [62](#sct312414-bib-0062){ref-type="ref"}. The POS particles were suspended to 10% fetal bovine serum (FBS) containing medium in control or in one of the drug containing conditions. In the pulse stage, equal amounts of POS containing media were added on the apical sides of the hESC‐RPE inserts and incubated for 30 minutes at 37°C. For the chase stage, the media were changed back to 10% FBS medium with or without the drugs, and the hESC‐RPE inserts were further incubated for 2 hours at 37°C. After this, the samples were fixed and stained as described above using the primary antibodies opsin (1:200; Sigma Aldrich) and ZO‐1. The samples were imaged using the Zeiss LSM780 LSCM as described above but by imaging large random fields. The number of bound and internalized POS particles that were larger than 1 μm in diameter, were counted from maximum intensity projection images after performing Gaussian blur using ImageJ. The assay was performed with three inserts in each condition and data from 5 to 6 images from each of the three inserts was pooled together resulting in *n* = 15--16.

Enzyme‐Linked Immunosorbent Assay for VEGF Secretion {#sct312414-sec-0010}
----------------------------------------------------

Secretion of VEGF by mature hESC‐RPE was assessed with a commercially available human VEGF Quantikine enzyme‐linked immunosorbent assay (ELISA) kit (R&D Systems, MN) according to the manufacturer\'s instructions. Briefly, the polarized VEGF secretion in control conditions was studied by collecting medium samples separately from the apical and basolateral sides of the insert after 24 hours incubation with three replicates. To test the effect of Ca~V~ channel modulators on VEGF secretion, we measured the total VEGF concentration secreted through both apical and basolateral cell membranes. The inserts were incubated 24 hours in different pharmacological conditions: in 1% FBS medium in control conditions, or in this medium together with 10 μM (‐)BayK8644, 10 μM nifedipine or 5 μM ML218 with eight to nine replicates. The VEGF concentration from the collected medium samples was normalized to the number of cells based on cell counting under the Zeiss LSM780 LSCM using ×20 or ×63 objective.

Statistical Analysis {#sct312414-sec-0011}
--------------------

The data is stated as mean ± SEM (*n*, *p*), where *n* refers to the number of samples used to generate the data set and *p* refers to statistical significance. The data was tested for normality using the Shapiro--Wilk normality test. Some of the data sets did not meet the normality criteria. Thus, a pair‐wise comparison of the test conditions to control condition was conducted using non‐parametric Mann‐Whitney *U* test to confirm the possible statistical significance between the experimental conditions.

Results {#sct312414-sec-0012}
=======

Currents Through Voltage‐Gated Ca^2+^ Channels in hESC‐RPE {#sct312414-sec-0013}
----------------------------------------------------------

In control conditions with 10 mM extracellular Ba^2+^, whole‐cell voltage clamp recordings revealed voltage‐gated currents in single hESC‐RPE cells (Fig. [1](#sct312414-fig-0001){ref-type="fig"}A) dissociated from a mature RPE monolayer (Fig. [1](#sct312414-fig-0001){ref-type="fig"}B). In response to a 50 ms voltage pulse from −80 to 60 mV in 10 mV steps, nine cells showed slowly or non‐inactivating currents (Fig. [1](#sct312414-fig-0001){ref-type="fig"}C). Based on the normalized and averaged IV‐curve (*n* = 9), the current activated at low potentials reaching maximum at 10 mV (Fig. [1](#sct312414-fig-0001){ref-type="fig"}D). The normalized and averaged GV‐curve showed half maximum conductance at −7 ± 3 mV (*n* = 9) (Fig. [1](#sct312414-fig-0001){ref-type="fig"}E). Typical to L‐type Ca^2+^ channels [47](#sct312414-bib-0047){ref-type="ref"}, [48](#sct312414-bib-0048){ref-type="ref"}, diminishing the Ba^2+^ content from 10 to 1 mM decreased the maximum current density from 2.4 ± 0.5 pA·pF^−1^ (*n* = 9) to 1.3 ± 0.3 pA·pF^−1^ (*n* = 7) (Fig. [1](#sct312414-fig-0001){ref-type="fig"}F). In addition, three cells showed fast transient currents (Fig. [1](#sct312414-fig-0001){ref-type="fig"}G) with inactivation time constant 6 ± 1 ms (*n* = 3). The current pattern indicated that hESC‐RPE is likely to express both slowly inactivating L‐type currents and fast inactivating T‐type resembling currents. However, a detailed characterization of the fast inactivating currents was not possible as will be discussed later.

![Voltage‐gated currents in hESC‐RPE. Examples of bright‐field microscopy images of **(A)** a single hESC‐RPE cell showing pigmented apical and non‐pigmented basal sides and **(B)** a mature hESC‐RPE monolayer with representative RPE morphology, scale bars 10 μm. Whole‐cell voltage clamp recordings were carried out from single hESC‐RPE cells. **(C):** A typical example of the slowly inactivating current elicited by 50 ms voltage steps from −80 to +60 mV in 10 mV increments. Normalized and averaged **(D)** IV‐curve and **(E)** GV‐curve of the slowly inactivating current (mean ± SEM, *n* = 9, cell lines 08/017 and 08/023, days post‐confluence 73--128). **(F):** Averaged maximum current densities (obtained at 10 mV) of the slowly inactivating current in 10 mM Ba^2+^ (*n* = 9) and in 1 mM Ba^2+^ (*n* = 7, cell lines 08/017 and 08/023, days post‐confluence 109--127). The difference in the current densities was statistically significant. **(G):** A typical example of the fast inactivating current elicited by 50 ms voltage steps from −80 to +10 mV in 10 mV increments (cell line 08/023, days post‐confluence 109). \*Statistically significant difference with *p* \< .05.](SCT3-8-179-g001){#sct312414-fig-0001}

The Effects of L‐Type Ca^2+^ Channel Activator and Inhibitor {#sct312414-sec-0014}
------------------------------------------------------------

The effects of (‐)BayK8644 and nifedipine, well‐characterized activator and inhibitor of the L‐type Ca^2+^ channels, were tested for the slowly inactivating currents. These currents were increased by 10 μM (‐)BayK8644 (Fig. [2](#sct312414-fig-0002){ref-type="fig"}A, [2](#sct312414-fig-0002){ref-type="fig"}C) and decreased by 10 μM nifedipine (Fig. [2](#sct312414-fig-0002){ref-type="fig"}B, [2](#sct312414-fig-0002){ref-type="fig"}D). Comparison with the control current at maximum amplitude revealed that the slowly inactivating current increased after (‐)BayK8644 application by 80 ± 9% (*n* = 3, *p* \< .05) (Fig. [2](#sct312414-fig-0002){ref-type="fig"}E) and decreased after nifedipine application by 56 ± 5% (*n* = 4, *p* \< .05) (Fig. [2](#sct312414-fig-0002){ref-type="fig"}F). Both effects were statistically significant. These recordings confirm that the slowly inactivating currents were carried by the L‐type Ca^2+^ channels.

![Responses of the currents to Ca^2+^ channel modulators. Whole‐cell measurements of currents as responses to voltage pulses from −80 to +60 mV in 10 mV increments for 50 ms duration were performed before and after the application of the specific drugs. Examples of the effects of **(A)** L‐type Ca^2+^ channel activator 10 μM (‐)BayK8644 and **(B)** L‐type Ca^2+^ channel inhibitor 10 μM nifedipine on Ba^2+^ currents in hESC‐RPE and **(C, D)** the corresponding IV‐curves, respectively. Changes in maximum current amplitudes presented as percentages from control conditions (mean ± SEM) show that both **(E)** activation with (‐)BayK8644 (*n* = 3, cell line 08/017, days post‐confluence 73--74) and **(F)** inhibition with nifedipine (*n* = 4, cell line 08/017, days post‐confluence 73--99) resulted in statistically significant changes in the recorded currents. \*Statistically significant difference with *p* \< .05.](SCT3-8-179-g002){#sct312414-fig-0002}

Localization of Voltage‐Gated Ca^2+^ Channels in hESC‐RPE {#sct312414-sec-0015}
---------------------------------------------------------

To evaluate the localization of the Ca~V~ channels detected in the patch‐clamp measurements in hESC‐RPE, we performed antibody labeling against the L‐type Ca^2+^ channels Ca~V~1.1‐Ca~V~1.3 and the T‐type Ca^2+^ channels Ca~V~3.1‐Ca~V~3.3, together with markers for actin cytoskeleton, RPE maturity, and polarization. The hESC‐RPE showed a typical expression of CRALBP (Fig. [3](#sct312414-fig-0003){ref-type="fig"}A) and Na^+^/K^+^‐ATPase (Fig. [3](#sct312414-fig-0003){ref-type="fig"}F) on the apical side of the monolayer, as well as Bestrophin‐1 primarily on the basolateral side (Fig. [3](#sct312414-fig-0003){ref-type="fig"}F). Zonula occludens (ZO‐1) (Fig. [3](#sct312414-fig-0003){ref-type="fig"}B) and claudin‐3 (Fig. [3](#sct312414-fig-0003){ref-type="fig"}C) co‐localized on the cell--cell junctions with the circumferential bands of actin (phalloidin), characteristic to mature RPE [63](#sct312414-bib-0063){ref-type="ref"}. This data, together with the TER value of over 200 Ω cm^2^, strong pigmentation and cobblestone morphology (see Fig. [1](#sct312414-fig-0001){ref-type="fig"}B), indicate the maturity and polarization of our hESC‐RPE.

![Localization of Ca~V~ channels in hESC‐RPE. Immunostainings of RPE monolayers with xy‐maximum intensity projections and yz‐confocal sections (apical side upwards, localization of the section highlighted with a white bar). Actin cytoskeleton (phalloidin, red) labeled together with **(A)** RPE marker CRALBP (green, cell line 08/017, days post‐confluence 91), **(B)** tight junction markers ZO‐1, (green, cell line 08/017, days post‐confluence 74) and **(C)** claudin‐3 (green, cell line 08/017, days post‐confluence 91), **(D)** L‐type Ca^2+^ channel Ca~V~1.3 (green, cell line 08/017, days post‐confluence 109), and **(E)** T‐type Ca^2+^ channel Ca~V~3.1 (green, cell line 08/023, days post‐confluence 66). Immunostainings of paraffin embedded hESC‐RPE vertical sections with xy‐maximum intensity projections (apical side upwards). **(F):** Cell polarization markers Na^+^/K^+^‐ATPase (red) and Bestrophin‐1 (green, cell line 08/023, days post‐confluence 91). Cell nuclei (DAPI, blue) together with L‐type Ca^2+^ channels **(G)** Ca~V~1.2 (green, cell line 08/017, days post‐confluence 84) and **(H)** Ca~V~1.3 (green, cell line 08/023, days post‐confluence 91), and T‐type Ca^2+^ channels **(I)** Ca~V~3.1 (green, cell line 08/017, days post‐confluence 84) and **(J)** Ca~V~3.2 (green, cell line 08/017, days post‐confluence 84). Scale bars 10 μm. Abbreviations: Ca~V~, voltage‐gated Ca^2+^ channel; CRALBP, cellular retinaldehyde‐binding protein; ZO‐1, Zonula occludens; DAPI, 4′,6‐diamidino‐2‐phenylidole; hESC, human embryonic stem cell; RPE, retinal pigment epithelium.](SCT3-8-179-g003){#sct312414-fig-0003}

The most prominent staining in hESC‐RPE monolayers was detected for the subtypes Ca~V~1.3 and Ca~V~3.1, both localizing strongly at the apical membrane (Fig. [3](#sct312414-fig-0003){ref-type="fig"}D, [3](#sct312414-fig-0003){ref-type="fig"}E). Staining of these subtypes together with RPE microvilli marker ezrin revealed the localization of Ca~V~1.3 right below the microvilli (Supporting Information Fig. [S1A](#sct312414-supitem-0001){ref-type="supplementary-material"}) and Ca~V~3.1 at the microvilli (Supporting Information Fig. [S1B](#sct312414-supitem-0001){ref-type="supplementary-material"}). Since pigmentation hinders the visualization of the basolateral side (see yz confocal sections in Fig. [3](#sct312414-fig-0003){ref-type="fig"}), we performed immunostainings on paraffin embedded vertical sections of the hESC‐RPE. This confirmed the apical localization of the subtypes Ca~V~1.3 (Fig. [3](#sct312414-fig-0003){ref-type="fig"}H) and Ca~V~3.1 (Fig. [3](#sct312414-fig-0003){ref-type="fig"}I) and revealed a pronounced basolateral localization of Ca~V~1.3 (Fig. [3](#sct312414-fig-0003){ref-type="fig"}H). Furthermore, in hESC‐RPE, we observed basolateral localization of Ca~V~1.2 (Fig. [3](#sct312414-fig-0003){ref-type="fig"}G), and basolateral and junctional localization of Ca~V~3.2 (Fig. [3](#sct312414-fig-0003){ref-type="fig"}J). The Ca~V~1.1 and Ca~V~3.3 subtypes were not detected (data not shown).

Voltage‐Gated Ca^2+^ Channels in Mouse RPE {#sct312414-sec-0016}
------------------------------------------

To compare the currents through voltage‐gated Ca^2+^ channels in hESC‐RPE with native tissue, patch‐clamp recordings were performed from the cells of freshly isolated mouse RPE (Fig. [4](#sct312414-fig-0004){ref-type="fig"}). An investigation of currents in whole‐cell configuration as a response to series of depolarizing voltage steps from −80 to +60 mV revealed slowly inactivating currents in the recordings (Fig. [4](#sct312414-fig-0004){ref-type="fig"}A). The currents activated at low potentials reaching the maximum at 20 mV in the normalized and averaged IV‐curve (*n* = 4) (Fig. [4](#sct312414-fig-0004){ref-type="fig"}B). The half maximum conductance was reached at −6 ± 3 mV (*n* = 4) based on the normalized and averaged GV‐curve (Fig. [4](#sct312414-fig-0004){ref-type="fig"}C). The maximum current density of the slowly inactivating current was 2.3 ± 0.6 pA·pF^−1^ (*n* = 4). Thus, the current characteristics of the voltage‐gated Ca^2+^ channels in mouse RPE were comparable to those we identified in hESC‐RPE.

![Ca~V~ channels in mouse RPE. **(A):** An example of the slowly inactivating L‐type current measured in whole‐cell configuration and elicited by 50 ms voltage steps from −80 to +60 mV in 10 mV increments. **(B):** Normalized and averaged IV‐curve of the L‐type current (mean ± SEM, *n* = 4). **(C):** Normalized and averaged GV‐curve of the L‐type current (mean ± SEM, *n* = 4). Localization of the Ca~V~ channels assessed by immunostainings of mouse RPE‐eyecup whole mount preparations. Confocal images show the xy‐maximum intensity projections and yz‐confocal sections of the samples (apical side upwards, localization of the section highlighted with a white bar). Actin cytoskeleton (phalloidin, red) together with **(D)** L‐type Ca^2+^ channel Ca~V~1.3 (green), and **(E)** T‐type Ca^2+^ channel Ca~V~3.1 (green). Immunostainings of paraffin embedded vertical sections of mouse eyecups shown as xy‐maximum intensity projections (apical side upwards). BF images together with L‐type Ca^2+^ channels **(F)** Ca~V~1.2 (green) and **(G)** Ca~V~1.3 (green), and T‐type Ca^2+^ channels **(H)** Ca~V~3.1 (green) and **(I)** Ca~V~3.2 (green). Scale bars 10 μm. Abbreviations: Ca~V~, voltage‐gated Ca^2+^ channel; BF, bright‐field; RPE, retinal pigment epithelium.](SCT3-8-179-g004){#sct312414-fig-0004}

Antibody labeling, similar to hESC‐RPE, was performed on mouse RPE‐eyecup whole mount preparations (Fig. [4](#sct312414-fig-0004){ref-type="fig"}D, [4](#sct312414-fig-0004){ref-type="fig"}E, Supporting Information Fig. [S1C](#sct312414-supitem-0001){ref-type="supplementary-material"}, [S1D](#sct312414-supitem-0001){ref-type="supplementary-material"}) and vertical sections of paraffin embedded eyecups (Fig. [4](#sct312414-fig-0004){ref-type="fig"}F--[4](#sct312414-fig-0004){ref-type="fig"}I). The channel localization in mouse RPE followed similar characteristics as in hESC‐RPE with the exception that the apically localized Ca~V~3.1 was also detected at the basolateral side in mouse RPE (Fig. [4](#sct312414-fig-0004){ref-type="fig"}H). Furthermore, it is worth pointing out, that the uniform apical staining profile of Ca~V~1.3 observed in hESC‐RPE (Fig. [3](#sct312414-fig-0003){ref-type="fig"}D, [3](#sct312414-fig-0003){ref-type="fig"}H, Supporting Information Fig. [S1A](#sct312414-supitem-0001){ref-type="supplementary-material"}) was especially strongly detected in mouse RPE (Fig. [4](#sct312414-fig-0004){ref-type="fig"}D, [4](#sct312414-fig-0004){ref-type="fig"}G, Supporting Information Fig. [S1C](#sct312414-supitem-0001){ref-type="supplementary-material"}).

VEGF Secretion in hESC‐RPE {#sct312414-sec-0017}
--------------------------

In hESC‐RPE, characteristic to RPE physiology, VEGF secretion was polarized. Consistent with this, we found that the amount of VEGF secreted after a 24 hour incubation in control conditions was 588 ± 37 pg/10^5^ cells to the apical side and 1,290 ±38 pg/10^5^ cells to the basolateral side (*n* = 3). Since the L‐type Ca^2+^ channels have been reported to play an important role in VEGF secretion [43](#sct312414-bib-0043){ref-type="ref"}, we investigated the effect of their pharmacological modulation on the total amount of secreted VEGF in hESC‐RPE. We followed the apical and basal secretion concurrently (Fig. [5](#sct312414-fig-0005){ref-type="fig"}) thus addressing the role of both apically and basally localized Ca^2+^ channels in the overall secretion. In control conditions, the total VEGF concentration in the medium after the 24 hour incubation was 1,950 ± 70 pg/10^5^ cells (*n* = 9). Manipulation of the L‐type Ca^2+^ channel activity directly affected the VEGF secretion as the activator (‐)BayK8644 increased the secretion by 24 ± 9% (*n* = 9, *p* \< .05) and the inhibitor nifedipine decreased the secretion by 19 ± 9% (*n* = 8, *p* \< .05). Both effects were statistically significant. However, inhibition of the T‐type channels by ML218 had little effect on the VEGF secretion (8 ± 14% increase, *n* = 8, *p* \> .05).

![VEGF secretion from hESC‐RPE. Total concentrations of VEGF secreted by the hESC‐RPE after 24‐hour incubation in control medium alone (*n* = 9) as well as in control medium with L‐type Ca^2+^ channel activator 10 μM (‐)BayK8644 (*n* = 9), L‐type Ca^2+^ channel inhibitor 10 μM nifedipine (*n* = 8), or T‐type channel inhibitor 5 μM ML218 (*n* = 8) (mean ± SEM, cell lines 08/023 and 11/013, days post‐confluence 66--147). \*Statistically significant difference with *p* \< .05. Abbreviation: VEGF, vascular endothelial growth factor.](SCT3-8-179-g005){#sct312414-fig-0005}

Voltage‐Gated Ca^2+^ Channels Regulate POS Phagocytosis in hESC‐RPE {#sct312414-sec-0018}
-------------------------------------------------------------------

Previous studies indicate that L‐type Ca^2+^ channels participate in the regulation of phagocytosis in RPE [41](#sct312414-bib-0041){ref-type="ref"}, [64](#sct312414-bib-0064){ref-type="ref"}. Thus, we investigated the role of Ca~V~ channels in POS phagocytosis in hESC‐RPE by pharmacologically modulating these channels during our phagocytosis assay. These experiments and subsequent labeling with opsin and ZO‐1 showed a reduction in the total number of bound and internalized POS particles in the presence of either L‐type channel activator or inhibitor, but an increase in the particle number in the presence of T‐type channel inhibitor (Fig. [6](#sct312414-fig-0006){ref-type="fig"}). More specifically, the median value of POS particles in a randomly taken confocal image field decreased from the control conditions (*n* = 16, Fig. [6](#sct312414-fig-0006){ref-type="fig"}A, [6](#sct312414-fig-0006){ref-type="fig"}E) by 30% when the L‐type channels were activated by (‐)BayK8644 (*n* = 16, *p* \< .001, Fig. [6](#sct312414-fig-0006){ref-type="fig"}B, [6](#sct312414-fig-0006){ref-type="fig"}E). A higher decrease of 62% occurred when the L‐type Ca^2+^ channels were inhibited by nifedipine (*n* = 15, *p* \< .001, Fig. [6](#sct312414-fig-0006){ref-type="fig"}C, [6](#sct312414-fig-0006){ref-type="fig"}E). Interestingly, we found that T‐type Ca^2+^ channel inhibitor ML218 (Fig. [6](#sct312414-fig-0006){ref-type="fig"}D, [6](#sct312414-fig-0006){ref-type="fig"}E) increased the number of POS particles by 32% (*n* = 16, *p* \< .05). All the effects were statistically significant.

![The effect of Ca~V~ channel modulators on POS phagocytosis in hESC‐RPE. Mature hESC‐RPE monolayers were incubated with purified porcine POSs in the pulse‐chase phagocytosis assay. Xy‐maximun intensity projections of the confocal images show both bound and internalized POS particles that were stained with opsin (green) together with the tight junction protein ZO‐1 (gray) in **(A)** control conditions, and in the presence of Ca~V~ channel modulators **(B)** (‐)BayK8644, **(C)** nifedipine, or **(D)** ML218. Scale bars 50 μm. **(E):** Quantification of POS particles in control conditions yielded the median value of 485 POS particles/field (*n* = 16). When modulating the Ca~V~ channels pharmacologically, the value changed in the presence of (‐)BayK8644 to 339 POS particles/field (*n* = 15), nifedipine to 186 POS particles/field (*n* = 15), and ML218 to 639 POS particles/field (*n* = 16). The box limits 25%--75% of the gray data points; the whiskers include 10%--90% of the data; the center line shows the median value; the black square describes the mean; the black triangles present the minimum and the maximum values. Cell line 11/013, days post‐confluence 147. Statistically significant differences with \**p* \< .05 or \*\**p* \< .001. Abbreviations: POS, photoreceptor outer segment; ZO‐1, Zonula occludens.](SCT3-8-179-g006){#sct312414-fig-0006}

Localization of Ca~V~1.3 During hESC‐RPE Maturation {#sct312414-sec-0019}
---------------------------------------------------

It is well established that protein expression and localization change during RPE maturation [65](#sct312414-bib-0065){ref-type="ref"}. We addressed this considering the localization of the primary Ca~V~ channel subtype, Ca~V~1.3, during hESC‐RPE maturation. We immunolabeled Ca~V~1.3 together with pericentrin (PCNT), a protein localized in the centrosomes at the base of the primary cilia, that have been recently shown to be important for RPE maturation [66](#sct312414-bib-0066){ref-type="ref"}, [67](#sct312414-bib-0067){ref-type="ref"}. Figure [7](#sct312414-fig-0007){ref-type="fig"} shows how the localization of these proteins changed remarkably during maturation. Fusiform hESC‐RPE cells on the first day post‐confluence (Supporting Information Fig. [S2A](#sct312414-supitem-0002){ref-type="supplementary-material"}) expressed Ca~V~1.3 throughout the cell (Fig. [7](#sct312414-fig-0007){ref-type="fig"}A), and PCNT appeared as distinct puncta on the apical side. After 6 days post‐confluence, the cells gained more epithelioid morphology (Supporting Information Fig. [S2B](#sct312414-supitem-0002){ref-type="supplementary-material"}) and Ca~V~1.3 started to localize also to the apical and basal RPE cell membranes with brighter puncta forming on the apical side (Fig. [7](#sct312414-fig-0007){ref-type="fig"}B). Interestingly, these puncta showed co‐localization with PCNT. The hESC‐RPE cells obtained cobblestone morphology around 31 days post‐confluence (Supporting Information Fig. [S2C](#sct312414-supitem-0002){ref-type="supplementary-material"}), and from this time point onwards, Ca~V~1.3 was present more strongly on the apical and basolateral cell membranes (Fig. [7](#sct312414-fig-0007){ref-type="fig"}C). The apical side puncta were pronounced and appeared as one distinct cluster per cell co‐localizing strongly with PCNT (Fig. [7](#sct312414-fig-0007){ref-type="fig"}C). Immunolabeling Ca~V~1.3 with acetylated α‐tubulin (Fig. [7](#sct312414-fig-0007){ref-type="fig"}E) showed the localization of Ca~V~1.3 near the base of the primary cilia. With increasing maturation, the apical staining of Ca~V~1.3 became more prominent and more homogeneous, while basolateral staining started to be difficult to detect due to increased pigmentation. At 84 days post‐confluence (Fig. [7](#sct312414-fig-0007){ref-type="fig"}D), fairly uniform apical localization of Ca~V~1.3 was present in hESC‐RPE, although the puncta, co‐localizing with PCNT, could still be distinguished. At this time point, PCNT localized near the apical centers of the cobblestone hESC‐RPE cells (Fig. [7](#sct312414-fig-0007){ref-type="fig"}D, Supporting Information Fig. [S2D](#sct312414-supitem-0002){ref-type="supplementary-material"}), characteristic to mature RPE [67](#sct312414-bib-0067){ref-type="ref"}. This data suggest that with increasing maturation, hESC‐RPE started to gain the homogeneous apical localization of Ca~V~1.3 detected in mouse RPE (Fig. [4](#sct312414-fig-0004){ref-type="fig"}D).

![Localization of Ca~V~1.3 during hESC‐RPE maturation. Immunolabeling of Ca~V~1.3 (green) together with centrosome protein PCNT (red) from post‐confluence day 1 to post‐confluence day 84 at four time points: **(A)** day 1, **(B)** day 6, **(C)** day 31, and **(D)** day 84 (cell line 08/017). **(E):** Labeling acetylated α‐tubulin (red) together with Ca~V~1.3 (green) shows the localization of Ca~V~1.3 at the base of the primary cilia during maturation (cell line 08/017, days post‐confluence 40). The confocal images are shown as xy‐maximum intensity projections and yz‐confocal sections (apical side upwards, localization of the section highlighted with a white bar). Scale bars 10 μm. Abbreviations: Ca~V~, voltage‐gated Ca^2+^ channel; hESC, human embryonic stem cell; RPE, retinal pigment epithelium; PCNT, pericentrin.](SCT3-8-179-g007){#sct312414-fig-0007}

Discussion {#sct312414-sec-0020}
==========

Stem cell‐derived RPE provides great potential for novel cell transplantation therapies and research has already proceeded to clinical trials [6](#sct312414-bib-0006){ref-type="ref"}, [7](#sct312414-bib-0007){ref-type="ref"}, [8](#sct312414-bib-0008){ref-type="ref"}, [9](#sct312414-bib-0009){ref-type="ref"}, [10](#sct312414-bib-0010){ref-type="ref"}, [11](#sct312414-bib-0011){ref-type="ref"}, [12](#sct312414-bib-0012){ref-type="ref"}, [13](#sct312414-bib-0013){ref-type="ref"}, [14](#sct312414-bib-0014){ref-type="ref"}, [15](#sct312414-bib-0015){ref-type="ref"}, [16](#sct312414-bib-0016){ref-type="ref"}, [17](#sct312414-bib-0017){ref-type="ref"}, [18](#sct312414-bib-0018){ref-type="ref"}, [19](#sct312414-bib-0019){ref-type="ref"}, [20](#sct312414-bib-0020){ref-type="ref"}, [21](#sct312414-bib-0021){ref-type="ref"}. Essential for the success of these therapies, stem cell‐derived RPE has been shown to perform several key RPE functions [27](#sct312414-bib-0027){ref-type="ref"}, [28](#sct312414-bib-0028){ref-type="ref"}, [29](#sct312414-bib-0029){ref-type="ref"}, [30](#sct312414-bib-0030){ref-type="ref"}, [31](#sct312414-bib-0031){ref-type="ref"}, [32](#sct312414-bib-0032){ref-type="ref"}, [33](#sct312414-bib-0033){ref-type="ref"}, [34](#sct312414-bib-0034){ref-type="ref"}, [35](#sct312414-bib-0035){ref-type="ref"}, [36](#sct312414-bib-0036){ref-type="ref"}. However, the functionality of the ion channels and specifically the voltage‐gated Ca^2+^ channels in these cells remain poorly known, even though many of the critical RPE functions are related to Ca^2+^ activity. This raises the question whether the stem cell‐derived RPE destined for clinical purposes sufficiently resembles its native counterpart, and can thus replace the functions of lost cells. The present study addressed this issue by investigating the Ca~V~ channels in hESC‐RPE. Using patch‐clamp recordings and immunostainings, we showed the presence of functional L‐type Ca^2+^ channels in hESC‐RPE that are comparable to native mouse RPE.

In our study, two current types were detected, the slowly inactivating current and the fast inactivating current. We confirmed that the main current type, the slowly inactivating current, results from the activity of L‐type Ca^2+^ channels since the current responses and IV‐curves in this study resembled the previous recordings of L‐type currents from various types of native RPE [43](#sct312414-bib-0043){ref-type="ref"}, [46](#sct312414-bib-0046){ref-type="ref"}, [47](#sct312414-bib-0047){ref-type="ref"}, [48](#sct312414-bib-0048){ref-type="ref"}. Moreover, the sensitivity of the current to the L‐type Ca^2+^ channel activator (‐)BayK8644 [45](#sct312414-bib-0045){ref-type="ref"}, [46](#sct312414-bib-0046){ref-type="ref"}, [47](#sct312414-bib-0047){ref-type="ref"}, [48](#sct312414-bib-0048){ref-type="ref"}, [49](#sct312414-bib-0049){ref-type="ref"}, [50](#sct312414-bib-0050){ref-type="ref"}, [53](#sct312414-bib-0053){ref-type="ref"} and the inhibitor nifedipine [43](#sct312414-bib-0043){ref-type="ref"}, [44](#sct312414-bib-0044){ref-type="ref"}, [47](#sct312414-bib-0047){ref-type="ref"}, [48](#sct312414-bib-0048){ref-type="ref"}, [51](#sct312414-bib-0051){ref-type="ref"} further indicated the presence of L‐type currents in our measurements. The recorded current is likely to be carried primarily through Ca~V~1.3 channels. This conclusion is based on the voltage‐dependent activation of the currents at rather negative potentials [68](#sct312414-bib-0068){ref-type="ref"}, shape of the IV‐curve characteristic to the Ca~V~1.3 subtype [43](#sct312414-bib-0043){ref-type="ref"}, [46](#sct312414-bib-0046){ref-type="ref"}, [55](#sct312414-bib-0055){ref-type="ref"}, and slow inactivation of the current. It is still likely that Ca~V~1.2 channels contribute to the recorded current as well, since our immunostainings confirmed the presence of both of the L‐type Ca^2+^ channels, Ca~V~1.2 and Ca~V~1.3, in hESC‐RPE. To date, Ca~V~1.3 subtype has been reported to only localize basolaterally in murine [54](#sct312414-bib-0054){ref-type="ref"} and porcine [55](#sct312414-bib-0055){ref-type="ref"} RPE. Our data showed that both hESC‐ and mouse RPE express the Ca~V~1.3 subtype also on the apical cell membrane, in addition to the basolateral membrane.

It is worth noting that patch‐clamp recordings from primary RPE cultures show differences in L‐type current characteristics when compared with our recordings from hESC‐RPE [43](#sct312414-bib-0043){ref-type="ref"}, [45](#sct312414-bib-0045){ref-type="ref"}, [49](#sct312414-bib-0049){ref-type="ref"}, [50](#sct312414-bib-0050){ref-type="ref"}, [53](#sct312414-bib-0053){ref-type="ref"}, especially regarding the more negative activation threshold and the weaker slope of activation present in our study. The reason for this remains to be investigated, but it may be related to differences in phosphorylation, splicing variants, or the composition of the accessory subunits [69](#sct312414-bib-0069){ref-type="ref"}, [70](#sct312414-bib-0070){ref-type="ref"}. Yet, the contribution of other Ca^2+^ conducting channels on the currents recorded in this study for hESC‐RPE and native mouse RPE cannot be excluded. Several Ca^2+^‐ conducting channels, such as store‐operated Orai channels [71](#sct312414-bib-0071){ref-type="ref"} and transient receptor potential (TRP) channels [41](#sct312414-bib-0041){ref-type="ref"}, [72](#sct312414-bib-0072){ref-type="ref"}, [73](#sct312414-bib-0073){ref-type="ref"}, [74](#sct312414-bib-0074){ref-type="ref"}, have important roles in the physiology of RPE. Relevant for this study, TRP channels are involved in the phagocytosis [41](#sct312414-bib-0041){ref-type="ref"} and VEGF secretion [73](#sct312414-bib-0073){ref-type="ref"}. In addition to these other Ca^2+^‐conductivities, the effect of cell dissociation to patch‐clamp recordings needs to be taken into account. Cell--cell junctions break down in cell dissociation causing epithelial cells to lose their polarity, which compromises their normal ability to express and recycle proteins. This has a strong influence on the endocytotic processes that are important for the internalization of ion channels, regulating their numbers in the cell membrane [75](#sct312414-bib-0075){ref-type="ref"}. Therefore, after cell dissociation, ion channels can be re‐distributed to the intracellular compartments and those currents will thus be absent from the patch‐clamp recordings.

In addition to L‐type currents, our patch‐clamp recordings revealed the presence of fast transient currents in hESC‐RPE. The kinetics of these currents were comparable to those previously reported for the T‐type Ca^2+^ channels in cultured human RPE [46](#sct312414-bib-0046){ref-type="ref"}, although faster than typically reported for other cell types (reviewed in [76](#sct312414-bib-0076){ref-type="ref"}). Similar to the findings of the previous study [46](#sct312414-bib-0046){ref-type="ref"}, the fast transient currents were almost exclusively recorded in combination with the slowly inactivating current, which hindered their further analysis. In addition, TTX‐sensitive currents can also contribute to the fast transient conductance [60](#sct312414-bib-0060){ref-type="ref"}, [77](#sct312414-bib-0077){ref-type="ref"} and make this current component extremely difficult to investigate. In immunostainings, we observed Ca~V~3.1 and Ca~V~3.2 in both hESC‐ and mouse RPE. Ca~V~3.1 was localized apically at the microvilli in the both studied RPE cell types, while it was found also at the basolateral cell membrane in mouse RPE.

VEGF has a role in angiogenesis and vascular permeability, and therefore anti‐VEGF agents are commonly used in the treatment of AMD [78](#sct312414-bib-0078){ref-type="ref"}. In healthy RPE, VEGF secretion occurs in a polarized manner with significantly more pronounced secretion from the basal side [79](#sct312414-bib-0079){ref-type="ref"}, [80](#sct312414-bib-0080){ref-type="ref"}, as we showed here for hESC‐RPE. This secretion is regulated by several factors including hyperosmolarity [81](#sct312414-bib-0081){ref-type="ref"}, hyperthermia [82](#sct312414-bib-0082){ref-type="ref"}, oxidative stress [83](#sct312414-bib-0083){ref-type="ref"}, and heat‐sensitive TRPV channels [73](#sct312414-bib-0073){ref-type="ref"}. Particularly relevant for this study, modulating the L‐type Ca^2+^ channel activity has been shown to directly correlate with the VEGF secretion level [43](#sct312414-bib-0043){ref-type="ref"}. Our ELISA results indicated similar behavior as the activator (‐)BayK8644 increased the VEGF secretion and the inhibitor nifedipine decreased the VEGF secretion. This demonstrates that the L‐type Ca^2+^ channels participate in the regulation of VEGF secretion in hESC‐RPE. However, it is worth noting that the cell culture insert membrane with randomly spaced 1 μm holes may hinder both the diffusion of the drug to the basolateral cell membrane and the secretion of VEGF to the medium. Since the VEGF secretion is more pronounced in the basolateral side of the RPE, the structural constraints from the insert may lower the effect of pharmacological Ca^2+^ channel modulation on VEGF secretion.

Photoreceptor renewal is a critical task for RPE to maintain vision [2](#sct312414-bib-0002){ref-type="ref"}, and insufficient phagocytosis often leads to retinal diseases [84](#sct312414-bib-0084){ref-type="ref"}, [85](#sct312414-bib-0085){ref-type="ref"}. Several ion channels, including the L‐type Ca^2+^ channels, are known to have regulatory roles in phagocytosis in RPE [41](#sct312414-bib-0041){ref-type="ref"}, [64](#sct312414-bib-0064){ref-type="ref"}. We found that in hESC‐RPE, in line with the previous studies [64](#sct312414-bib-0064){ref-type="ref"}, inhibition of the L‐type Ca^2+^ channels by nifedipine decreased the phagocytosis remarkably. On the other hand, activation of these channels by (‐)BayK8644 also decreased the number of phagocytosed POS particles, although to a lesser extent. Interestingly, it was reported that in primary porcine RPE, the activation of L‐type Ca^2+^ channels had no effect on phagocytosis, and this was suggested to be a consequence of the regulatory effect of bestrophin‐1 setting a limit to L‐type Ca^2+^ channel activity [41](#sct312414-bib-0041){ref-type="ref"}. When comparing these results to our data, we want to point out that we used a pulse‐chase POS phagocytosis assay, while Müller et al. [41](#sct312414-bib-0041){ref-type="ref"} used an assay with continuous POS supply to the RPE cells that may lead to distinct outcomes. Moreover, it is possible that bestrophin‐1 expression levels are much lower in hESC‐RPE compared to primary porcine RPE [41](#sct312414-bib-0041){ref-type="ref"} thus diminishing the regulatory effect of bestrophin‐1 on L‐type Ca^2+^ channels in our cells. Besides, the influence of Ca^2+^ in phagocytosis can also be inhibitory: increase in intracellular Ca^2+^ and subsequent activation of protein kinase C has been shown to reduce POS ingestion [86](#sct312414-bib-0086){ref-type="ref"}. These observations indicate that the role for the L‐type Ca^2+^ channels in the regulation of POS phagocytosis is a complex process (see also [41](#sct312414-bib-0041){ref-type="ref"}, [64](#sct312414-bib-0064){ref-type="ref"}) and may include negative feedback mechanisms, especially after prolonged channel activation. Furthermore, it is known that these channels participate in the regulation of phagocytosis in concert with other ion channels including Ca^2+^‐dependent K^+^ channels, bestrophin‐1, TRPV [41](#sct312414-bib-0041){ref-type="ref"}, and most likely also the T‐type Ca^2+^ channels. Our observation about the increased number of bound or ingested POS particles following T‐type Ca^2+^ channel inhibition is similar to the effect of bestrophin‐1 inhibition [41](#sct312414-bib-0041){ref-type="ref"}. Analogous to bestrophin‐1 [87](#sct312414-bib-0087){ref-type="ref"}, T‐type Ca^2+^ channels are indicated to interact with the β subunits of the L‐type Ca^2+^ channels [88](#sct312414-bib-0088){ref-type="ref"}. This implies a possible role for the T‐type channels to inhibit L‐type channels through their interaction with β subunits. Taken together, these data demonstrate a need for further studies in elucidating the concerted functioning of Ca^2+^ conducting channels in the regulation of phagocytosis.

Regardless of the close resemblance between stem cell‐derived and native RPE demonstrated for their proteome [29](#sct312414-bib-0029){ref-type="ref"}, capability of phagocytosis [27](#sct312414-bib-0027){ref-type="ref"}, [28](#sct312414-bib-0028){ref-type="ref"}, [30](#sct312414-bib-0030){ref-type="ref"}, [31](#sct312414-bib-0031){ref-type="ref"}, [32](#sct312414-bib-0032){ref-type="ref"}, VEGF secretion [32](#sct312414-bib-0032){ref-type="ref"}, [33](#sct312414-bib-0033){ref-type="ref"}, [34](#sct312414-bib-0034){ref-type="ref"}, and visual cycle [35](#sct312414-bib-0035){ref-type="ref"}, [36](#sct312414-bib-0036){ref-type="ref"}, many important differences have also been reported. These include a lower efficiency in the phagocytosis of POSs [89](#sct312414-bib-0089){ref-type="ref"} as well as differences in growth factor secretion [90](#sct312414-bib-0090){ref-type="ref"} and expression of adhesion junction and membrane transport genes [37](#sct312414-bib-0037){ref-type="ref"}. We used mouse RPE as the native counterpart for hESC‐RPE in our studies due to unavailability of live human RPE tissue. Previous work on gene and protein expression profiles of human and mouse RPE show high similarity regarding general biological functions, canonical pathways, and molecular networks [91](#sct312414-bib-0091){ref-type="ref"}, [92](#sct312414-bib-0092){ref-type="ref"}. However, there are important species‐specific differences between human and mouse RPE. These include immune regulation genes and genes related to the development of AMD and Usher syndrome [92](#sct312414-bib-0092){ref-type="ref"} as well as the well‐known anatomical differences such as the absence of macula in the mouse and differences in rod and cone types and distributions.

We studied the functionality of Ca~V~ channels in mature hESC‐RPE where the localization of the primary Ca~V~ channel subtype, Ca~V~1.3, started to resemble native RPE. During maturation, we observed significant changes in Ca~V~1.3 localization in hESC‐RPE implying that ion channels can be highly sensitive to the level of tissue maturity. This has been previously suggested at least for Bestrophin‐1 in RPE [32](#sct312414-bib-0032){ref-type="ref"}, [93](#sct312414-bib-0093){ref-type="ref"}. We showed that in mature hESC‐RPE, Ca~V~1.3 localized quite homogeneously on the apical and basolateral cell membranes. Intriguingly, in maturing hESC‐RPE, Ca~V~1.3 appeared as distinct foci that co‐localized with PCNT to the base of the primary cilia. A similar punctuated appearance has been previously shown for TRP channel TRPM3 in human fetal RPE [94](#sct312414-bib-0094){ref-type="ref"}. PCNT is critical for the cilia formation, and relevant for our observations, PCNT is suggested to recruit protein complexes involved in cilia assembly and calcium signaling to the base of the primary cilia [66](#sct312414-bib-0066){ref-type="ref"}. On the other hand, primary cilia has been shown to regulate L‐type Ca^2+^ channel expression in mouse renal epithelial cells [95](#sct312414-bib-0095){ref-type="ref"}. This occurs through Wnt signaling [95](#sct312414-bib-0095){ref-type="ref"}, and interestingly, recent work shows the importance of the regulation of Wnt signaling not only for RPE development [96](#sct312414-bib-0096){ref-type="ref"} but also for RPE maturation [67](#sct312414-bib-0067){ref-type="ref"}. Based on our data and taking into account these observations in the literature, it is possible, that Ca~V~1.3 participates in ciliogenesis during RPE maturation or that its expression is coupled to the functioning of primary cilia in RPE maturation. This would not be surprising since primary cilia are important Ca^2+^ signaling organelles [97](#sct312414-bib-0097){ref-type="ref"} with the expression of several different types of Ca^2+^ channels [98](#sct312414-bib-0098){ref-type="ref"}.

Conclusion {#sct312414-sec-0021}
==========

In this article, we demonstrate the presence of a functional machinery of voltage‐gated Ca^2+^ channels in hESC‐RPE, with L‐type Ca^2+^ channel characteristics highly resembling the native RPE. We show a regulatory role for L‐type Ca^2+^ channels in VEGF secretion and phagocytosis important for the hESC‐RPE functionality. We also provide novel information regarding the apical localization of Ca~V~1.3 in RPE as well as its co‐localization near the base of the primary cilia during hESC‐RPE maturation. Our study represents an initial but significant progress toward a better understanding of Ca~V~ channels in stem cell‐derived RPE, however, further studies are needed to elucidate the specific roles for T‐type Ca^2+^ channels in RPE physiology. Overall, the results of the study are promising for the success of stem cell‐based RPE transplantation therapies, but highlight the need for sufficient RPE maturation as a prerequisite for its fully functional Ca^2+^ machinery.
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Supplementary Figure 1. **Apical localization of Ca** ~**V**~ **1.3 and Ca** ~**V**~ **3.1 in hESC‐ and mouse RPE.** Confocal microscopy xy‐maximum intensity projections and yz‐sections (apical side upwards, localization of the section highlighted with a white bar) show the immunolabeling of microvilli (ezrin, red) together with voltage‐gated Ca^2+^ channels A) Ca~V~1.3 (green, cell line 08/017, days post‐confluence 50) and B) Ca~V~3.1 (green, cell line 08/017, days post‐confluence 94) in hESC‐RPE and C) Ca~V~1.3 and D) Ca~V~3.1 in mouse RPE. Scale bars 10 μm.
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Click here for additional data file.

###### 

Supplementary Figure 2. **Changes in cell morphology during hESC‐RPE maturation.** Reflection and bright field images of hESC‐RPE from post‐confluence day 1 to post‐confluence day 84 at four time points: A) day 1, B) day 6, C) day 31, and D) day 84 (cell line 08/017). Scale bars 5 μm.
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Click here for additional data file.
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